[1] The pressure effect of silicon self-diffusion of MgSiO 3 perovskite was investigated by molecular dynamics (MD). The viscosity variation of MgSiO 3 perovskite in the lower mantle was derived by the Nabarro-Herring (Herring-Nabarro) model. For the MD calculation, the spontaneous jumping of atoms by self-diffusion was reproduced without using artificial forces, and the consistency of migration enthalpy (H m *) with experimental data was improved. The results showed that migration enthalpy increases monotonically with increasing pressure. The viscosity of MgSiO 3 perovskite in the lower mantle increases monotonically with increasing depth. The obtained depth profile is distinguishable from that of MgO periclase and can be utilized to determine which mineral dominates the lower mantle rheology. Depending upon the assumed shape of the depth profile for lower mantle viscosity, we considered the dominant mineral as (1) MgSiO 3 perovskite for the monotonic shape case or (2) MgO periclase for the hill shape case that has the highest-viscosity zone in the middle of the lower mantle.
Introduction
[2] Understanding the self-diffusion of MgSiO 3 perovskite is important, largely because of the implications for diffusion creep, which is considered to be the dominant mechanism of creep deformation in the lower mantle [Karato et al., 1995] . Diffusion creep is dominated by the diffusion of the slowest diffusion species. In MgSiO 3 perovskite, silicon is one of the most likely candidates for the slowest species since it has been confirmed as the slowest diffusion species in many silicates (reviewed by Béjina et al. [2003] ). Reported experimental measurements for silicon diffusion in MgSiO 3 perovskite [Yamazaki et al., 2000; Dobson et al., 2008] are limited to the uppermost pressure (25 GPa) area in the lower mantle. Because of the difficulty of performing experiments at high pressures, molecular simulations are considered indispensable for investigating the rheology of the lower mantle. Wright and Price [1993] sought to determine the diffusive properties of MgSiO 3 perovskite using lattice dynamics. They derived activation enthalpy (H m *) obtained from the height of energy barriers: the increase in energy migrating atoms from their sites to saddle points. However, there were inconsistencies that could not be ignored between experiments (336 kJ/mol at 25 GPa [Yamazaki et al., 2000] , 347 kJ/mol at 25 GPa ) and simulations (733 kJ/mol (0 GPa]) [Wright and Price, 1993] ). These inconsistencies could be due to the potential model used by Wright and Price [1993] . Karki and Khanduja [2007] sought to examine the inconsistencies by employing ab initio pseudopotential; however, the inconsistency still remained (657 kJ/mol at 30 GPa). Ammann et al. [2008] attempted to reduce the inconsistency by searching surrounding atoms' configurations that minimized the heights of energy barriers and reported an improved result (453 kJ/mol at 25 GPa), although there was still a mismatch between experiments and simulations.
[3] In order to resolve the inconsistency, we tried another approach. Atoms spontaneously jump into vacancies with varying surrounding atoms' configurations during natural self-diffusion, though the previous simulations did not reproduce the process. Instead, these simulations assumed some atomic configurations of activated states ("saddle point configuration") and tried to derive heights of energy barriers by pushing atoms into vacancies based on the thermally activated process model. According to the model [e.g., Heitjans and Kaerger, 2004] , the jump rate w with which an atom jumps into an empty neighborhood site is described as w = v 0 exp (−G M /RT), where G M is the height of energy barrier, R is the gas constant, and T is temperature. The preexponential factor v 0 denotes attempt frequency. The self-diffusion coefficient D is described as D = (1/6)wl 2 , where l is the jump distance. There are two difficulties in this approach. First, although definition of attempt frequency is given in the harmonic transition theory, the way to apply the definition to more complex actual systems is unclear. Generally [e.g., Heitjans and Kaerger, 2004] , the attempt frequency is assumed to be in the order of the Debye frequency. Ita and Cohen [1997] assumed that the attempt frequency is equal to the lowest frequency peak in the spectrum of the trajectories of the migrating atom projected onto the shortest path of the vacancy. Next, a specific saddle point configuration needs to be assumed. Ammann et al. [2008] tried to search for a "better" saddle point configuration, though some overestimations of activation enthalpies still remained. On the other hand, our approach just reproduces the spontaneous diffusion itself explicitly by molecular dynamics (MD). The advantage of the approach is that what we see is what we get: it directly derives the self-diffusion coefficient without assuming attempt frequency and saddle point configuration. There is another complication in this approach. Since the running time of MD simulations is short and the frequency of spontaneous jumping is low, the precision of results is usually limited. However, Ito and Toriumi [2007] showed that sufficient precision could be obtained with long MD running time.
[4] In summary, we applied molecular dynamics, which reproduces the spontaneous jumping of atoms explicitly, to the silicon self-diffusion of MgSiO 3 perovskite. We employed four pressure conditions (40, 60, 80, and 100 GPa) corresponding to the lower mantle and derived self-diffusion coefficients. The depth profiles of the viscosities of lower mantle minerals were estimated from self-diffusion coefficients [Yamazaki and Karato, 2001; Ito and Toriumi, 2007] . We also estimated the depth profile of MgSiO 3 perovskite's viscosity in the lower mantle from the derived self-diffusion coefficients.
Methodology

Molecular Dynamics
[5] In the MD simulation, the Buckingham model was adopted to define interatomic potential. The form of the model is as follows:
where R ij is the interatomic distance. [2000] . The model's reproduction of crystal structure, elastic properties, and thermal expansion was examined by Oganov et al. [2000] . We also examined compression, thermal expansion, and orthorhombic distortions and confirmed that the model reproduced these properties. Details of the examinations are given in the next section. Ab initio electronic state calculations (reviewed by Karki et al. [2001] ), which would provide more precise results, require more calculations than the Buckingham model. Our study targeted spontaneous migrations of atoms in MD calculations. Ito and Toriumi [2007] reported that 10 7 steps (20 ns) were needed to maintain the precision of self-diffusion coefficient results. Therefore, we considered that ab initio electronic state calculations were not appropriate for this study.
[6] The MD system was composed of 5 × 5 × 4 unit cells, which contained 4 Mg atoms, 4 Si atoms, and 12 O atoms per unit cell with Pbnm symmetry. To induce silicon's diffusion, we introduced one silicon vacancy. Two oxygen vacancies were also introduced to maintain the total charge neutrality. As a result, the MD system contained 1997 atoms. Periodic boundary conditions were applied for all (x, y, and z) directions to approximate the actual size of the crystal. The potential that an atom feels was given by the infinite summation of potentials between one atom and all the other atoms. The Coulomb term (the first term of equation (1)) was summed by the Ewald method [Ewald, 1921] . Summations of short-range terms (the second and third terms) were cut off at 7.5 Å. The Verlet algorithm integrated Newton's equations of motions with 2 fs intervals. Isothermal and isobaric (NPT) ensembles were obtained by the scaling method [Woodcock, 1971] . The MXDTRICL program (http://www.sccj.net/download/JCPE) was used for MD calculations.
[7] The method for obtaining self-diffusion coefficients was based on the work by Ito and Toriumi [2007] . The selfdiffusion coefficient (D) was derived from the Einstein equation, which has the following form:
where R n indicates the positional vector of the nth atom while the angle brackets indicate the average of all atoms. Positional vectors were given by the trajectories of atoms recorded during MD calculations. Initial relaxations were performed for 2 ns (10 6 steps) to achieve thermal equilibrium. After the initial relaxation, 2 ns (10 6 steps) MD calculations were repeated 10 times and an average of 10 self-diffusion coefficients was adopted. During the MD calculation, the vacancy concentration was fixed since there was no external sink or source of vacancies. Note that the vacancy concentration is artificial and the derived self-diffusion coefficients should be calibrated before applying to the Earth's interior by equation (5). Because the vacancy concentration is fixed, activation enthalpies of the self-diffusion coefficients obtained by MD simulations correspond to migration enthalpies (H m *). The Arrhenius relationship is expressed as
where D is the self-diffusion coefficient derived by the MD simulation, D 0 is the preexponential term, R is the gas constant, and T is temperature.
Estimation of Viscosity
[8] In a material that flows by creep dominated by innercrystal diffusion, viscosity and self-diffusion coefficients are related by the Nabarro-Herring (Herring-Nabarro) model [e.g., Poirier, 2000] :
where h is viscosity, A is the geometrical constant, R is the gas constant, T is temperature, V is molar volume, G is grain size, and D eff is the effective self-diffusion coefficient, which is approximately equal to that of the slowest diffusing species. To relate D eff to the self-diffusion coefficient D of the MD calculation, we first assumed the slowest diffusing species was Si. Note that Mg would also be examined further because it was shown that Fe-Mg interdiffusion is as slow as Si diffusion at the uppermost temperature and pressure conditions of the lower mantle [Holzapfel et al., 2005] . Next, we assumed that the Si vacancy was formed by impurities (i.e., extrinsic), and the vacancy concentration does not depend on temperature and pressure. Another possibility for the mechanism of vacancy formation is a thermal one (i.e., intrinsic). Two (intrinsic and extrinsic) mechanisms can be characterized by activation enthalpies (H*). For the intrinsic case, the activation enthalpy is given by the total sum of the migration (H m *) and formation (H f *) enthalpies as H* = H f *+ H m *, whereas in the extrinsic case the activation enthalpy is simply given by the migration enthalpy H m * as H* = H m *. The reported formation enthalpy (H f *) of SiO 2 PseudoSchottky (600 kJ/mol at 25 GPa [Karki and Khanduja, 2006] ) is much higher than the activation enthalpies obtained in experiments [Yamazaki et al., 2000; Dobson et al., 2008] , so we considered that the intrinsic case is unlikely. We also assumed that the enhancement of diffusion by grain boundaries (i.e., grain boundary diffusion) could be neglected. Grain boundary diffusion enhances the effective diffusion, especially in cases where grain sizes are small. In cases where grain boundary diffusion dominates in a material, the other creep model (Coble creep) rather than the Nabarro-Herring (Herring-Nabarro) model dominates the flow. A reported comparison between lattice and grain boundary diffusions [Yamazaki et al., 2000] showed that the enhancements were not so significant; lattice diffusion is considered to be dominant in cases when grain sizes are larger than a few tens of micrometers. Using these assumptions, the D eff of MgSiO 3 perovskite in the lower mantle and the self-diffusion coefficient derived by MD simulations in this study (D) are related by
where C eff and C are Si vacancy concentrations of MgSiO 3 perovskite in the lower mantle and the MD simulation, respectively. Variations in grain size certainly influence viscosity. The Nabarro-Herring (Herring-Nabarro) form (equation (4)) suggests a square linear relationship between grain size (G) and viscosity (h). However, because of a lack of information for grain size distribution in the lower mantle, we assumed it to be uniform. Yamazaki et al. [1996] reported a significant slow grain growth for MgO periclase and MgSiO 3 perovskite aggregates (G / t 1/10.6 for MgSiO 3 perovskite and G / t 1/10.8 for MgO periclase, where G and t are grain size and time, respectively) at the pressure and temperature condition near that of the lower mantle (1700 K and 25 GPa), implying that nonuniformities for grain sizes in the lower mantle are small. Two unknown constants, C eff and A, remained. Because of the difficulty of estimating their correct values, we introduced a proportional relationship. From equations (4) and (5) and the assumption, we derived a relationship between viscosity h and the self-diffusion coefficients of MD simulations D as follows:
Since equation (6) derives viscosity variations, results of analysis based on equation (6) were shown as depth variations (see Figure 10) , not absolute values.
Results
[9] First, we performed MD calculations for (1) isothermal (300 K) compressions, (2) isobaric (25 GPa) thermal expansions, and (3) orthorhombic distortions to examine the potential model employed in this study. The results were compared with experimental results in Figures 1, 2, and 3 , respectively. In Figure 1 , we considered experiments on pure synthetic MgSiO 3 perovskite [Yagi et al., 1979; Fiquet et al., 2000] (Yagi et al. [1979] , open squares; Mao et al. [1991], plusses; and Fiquet et al. [2000] , crosses) and shock compression (natural enstatite [Gong et al., 2004] shown as open triangles). [1996] . The data of Funamori et al. [1996] were picked up at 25 ± 0.5 GPa.
[ Mao et al., 1991] , performed using diamond anvil cells (DAC). Another experiment [Gong et al., 2004] consisted of the shock compression of natural enstatite. Observed differences of molar volumes between this study and the experiments [Yagi et al., 1979; Mao et al., 1991; Fiquet et al., 2000] were under 3% at 25-70 GPa and under 5% at 40-120 GPa [Gong et al., 2004] . Since the differences are smaller than the difference between the experiments themselves, we believe that the model reproduced the compression very well. In Figure 2 , results from this study are compared with those of Funamori et al. [1996] , who used a multianvil apparatus. Better agreement (agreement within 3% of the values and their first derivatives (i.e., thermal expansibility)) was confirmed. Orthorhombic distortions were expressed by ratios of orthorhombic unit cell lengths (b/a and c/a). Symmetry increases from orthorhombic to cubic when b/a = 1 and c/a = ffiffi ffi 2 p ffi 1.414; so differences in values of b/a and c/a from these values correspond to the amounts of orthorhombic distortions. In Figure 3 , the pressure dependencies of the ratios were compared with those of experiments [Mao et al., 1991; Fiquet et al., 1998 ] and other theoretical calculations [Marton et al., 2001; Wentzcovitch et al., 1995] at various pressures (0-120 GPa). The results of b/a in this study (1.02-1.015) are lower than those of experiments (1.03). Results of the variational induced breathing (VIB) model potential [Marton et al., 2001] and zero-temperature ab initio energy calculations [Wentzcovitch et al., 1995] were also compared. The results of the VIB model and this study are a little lower than those of the experiments. The b/a distortion of ab initio calculations [Wentzcovitch et al., 1995] was more significant (1.047-.081) than those of the experiments, and its c/a was also larger than those of experiments. Despite the simplicity of the potential model used in the study, it gave results comparable to those of experiments.
[10] Silicon self-diffusion coefficients for MgSiO3 perovskite were measured at four pressure conditions (40, 60, 80, and 100 GPa). At first, we examined the temperature variations of self-diffusion coefficients at 100 GPa, shown in Figure 4 . The temperature range is 4200-5900 K with a Figure 3 . Pressure dependences of orthorhombic distortions (ratio of basic cell lengths b/a and c/a) of MgSiO 3 perovskite at ordinary temperature (300 K). The crosses and the plusses show experimental data [Mao et al., 1991; Fiquet et al., 1998 ], and the circles and the squares show theoretical data [Wentzcovitch et al., 1995; Marton et al., 2001] , respectively. Pressures of Fiquet et al. [1998] are given by averages of multiple pressure scales (Pt and ruby fluorescence). The 50 GPa data of Marton et al. [2001] are given by 900 K data instead because of a lack of 300 K data. Temperatures of energy calculations [Wentzcovitch et al., 1995] were corresponding to 0 K because this calculation does not treat finite temperatures. Figure 5c , the solid arrow shows the searching direction of the boundary, and the dashed arrow shows the searched boundary. Figure 6 . Temperature dependences of silicon (Si) selfdiffusion coefficients at 80 GPa (4200-5700 K), 60 GPa (3800-5100 K), 40 GPa (3800-4600 K). The vertical lines indicate boundaries of the regions. 50 K step interval. The observed result had the following features: (1) a linear increase in the lower-temperature area and (2) a discontinuous rapid increase in the higher-temperature area. Since melting occurred at a higher temperature of the higher area, we consider that the behavior of the higher-temperature area was that of premelting and not solid-state diffusion, which this study investigated. We hence adopted the activation enthalpy of the lower area as the value of migration enthalpy (H m *). Because of the margin of error of the data, the boundary of the two regions is indistinct and hard to determine. We adopted the following procedure to give the boundary. First, we chose the data of oxygen self-diffusion coefficients to give the boundary. Oxygen diffusion is two orders of magnitude faster than Si self-diffusion . Note that activation enthalpies of the oxygen diffusion data cannot be compared with those of experiments since this study does not treat the most energetically favorable [Karki and Khanduja, 2006] Mg-O vacancy combinations. The error is reduced with faster self-diffusion coefficients [Ito and Toriumi, 2007] . The faster data gives a more distinct boundary. The routine to derive the boundary is shown in Figure 5 . The original data of oxygen self-diffusion coefficients ( Figure 5a) were smoothed by the filter (f new (x) = f(x + Dx)/4 + f(x)/2 + f(x − Dx)/4), where Dx represents finite increment of x ( Figure  5b) , and then second derivatives of log 10 D were derived (Figure 5c ). In Figure 5c , the boundary was searched from the maximum point to the lower temperatures (shown by the solid arrow), and given by the first negative point (shown by the dashed arrow). On the basis of the routine, the temperature of the boundary was given as 5200 K, and the activation enthalpy of the lower-temperature area (4200-5200 K) was calculated as 400 kJ/mol. Belonoshko [1994] calculated the melting temperature of MgSiO 3 perovskite as 5300 K at 110 GPa. The temperature of the boundary is consistent with the melting temperature, supporting the idea that the origin of the boundary is premelting.
[11] The temperature dependences of Si self-diffusion coefficients were also examined at other pressures (40, 60, and 80 GPa). The results are shown in Figure 6 . The features observed at 100 GPa were also seen at 80 GPa and 60 GPa. By the same procedure, the temperatures of the boundaries were derived as 4950 K (80 GPa) and 4550 K (60 GPa). At the lower-temperature areas (4200-4950 K and 3800-4550 K), activation enthalpies (H m *) were calculated as 376 kJ/mol and 364 kJ/mol, respectively. Unlike the higher pressures, the number of 40 GPa data was limited and the boundary was difficult to derive by a deterministic procedure. We hence placed the boundary at 4450 K by eye since there was a small jump. The nondeterministic procedure contains some ambiguity, and as a result we expected larger error in the activation enthalpy of 40 GPa. Scattering at lower temperatures was observed at 40 GPa. Although relative absolute differences between neighborhood data points (R = |log 10 (D 1 ) − log 10 (D 0 )|/|log 10 (D 0 )|) were small (−0.25) at 4100-4450 K, the differences suddenly became large (−0.5) at 4000-4050 K and lower temperatures (Figure 7) . The large differences at the lower temperatures exceeded 25%, the acceptable upper limit of error [Ito and Toriumi, 2007] . Hence, to avoid a large error, we did not adopt the data of the scattered lower area. This treatment derives migration enthalpy H m * as 346 kJ/mol for 40 GPa at 4050-4450 K.
[12] From the available data (at 40, 60, 80, and 100 GPa), pressure dependencies of the two coefficients (D 0 , H m ) in equation (3) were expressed by functions of pressures. Figure 8 plots observed migration enthalpies (H m *) at the four pressures. Although the linearity of pressure variations was difficult to examine since the number of available data points was only four, the data increased monotonically with increasing pressure. We then derived a linear relationship by fitting the equation as follows:
[13] As a result, the activation volume of migration V m * = dH m */dP was estimated to be 0.875 cm 3 /mol. The preexponential term D 0 varied greatly with an adopted H m *, so we used the linearly fitted H m * (equation (7)) instead of the [Yamazaki et al., 2000; Dobson et al., 2008] at 25 GPa, respectively. observed H m * to avoid the effect of the error of the observed H m * on D 0 . D 0 was estimated using the following procedure. For each pressure condition, (1) H m * was obtained by equation (7); (2) D 0,min was derived by minimizing following the square difference as follows:
where D i and T i are the observed self-diffusion coefficients and the corresponding temperature, respectively; and ( 
Although the temperatures of the MD simulations were much higher than those of the lower mantle, the results could be extrapolated using equation (3). We derived the depth profile of the viscosity of MgSiO 3 perovskite in the lower mantle by extrapolation. Regarding the geotherm, we assumed an adiabatic temperature gradient (0.3 K/km) and the temperature of decomposition of ringwoodite to perovskite and periclase at the top of the lower mantle (1900 K at 660 km [Ito and Katsura, 1989] ). Figure 10 compares the derived viscosity profile with that of MgO periclase [Ito and Toriumi, 2007] . The viscosity of MgSiO 3 perovskite increased log linearly with increasing depth up to 16 times from the top of the lower mantle. On the other hand, MgO periclase increased slightly (2.3 times) in the upper area of the lower mantle and began to decrease with increasing depth.
Discussion
[14] We obtained an equation for migration enthalpies H m * of silicon self-diffusion of MgSiO 3 perovskite as equation (7). By employing this equation, H m * of MgSiO 3 perovskite at the pressure at the top of the lower mantle (25 GPa) was derived to be 332 kJ/mol. This result can be compared with the activation enthalpies of the experimental studies [Yamazaki et al., 2000; Dobson et al., 2008] directly. In the experiments, we consider that Si diffusion was extrinsic as stated in section 2.2. We also consider that Si vacancy concentrations can be assumed to be constant with temperature and pressure variations since elements with variable oxidation states (e.g., Fe) were not included in the experimental samples. This result was consistent with the results of experimental studies (336 kJ/mol at 25 GPa [Yamazaki et al., 2000] , 347 kJ/mol at 25 GPa ). Hence, we first consider that the reproduction of spontaneous jumping, which this study employed, is a valid approach for investigating self-diffusion. On the other hand, the previous approaches (733 kJ/mol at 0 GPa in the work by Wright and Price [1993] ; 657kJ/mol at 30 GPa in the work by Karki and Khanduja [2007] ; 453 kJ/mol at 25 GPa in the work by Ammann et al. [2008] ) somewhat overestimated the experimental results. According to the thermally activated process model, activation enthalpies are related with saddle point configuration. In this study, atoms spontaneously jump into vacancies, and the saddle points are naturally configured without any assumptions. Hence, although detail of the difference of the saddle point configurations is still unclear, the authors suppose the assumption-free saddle point configurations as a cause of the consistency. The potential model and parameters employed in this study were optimized for equilibrium properties of experiments [Oganov et al., 2000] . There is a weak point of the potential model. Although coordination numbers and bond angles of atoms vary during their migrations, the variations were not taken into account during the optimization. However, from the agreement between activation enthalpies of this study and those of the experiments, it is implied that the weak point does not exert much effect.
[15] The migration enthalpies (H m *) increase monotonically with increasing pressure. This behavior is different from those of O and Mg of MgO periclase [Ito and Toriumi, Figure 9 . Pressure dependence of preexponential terms (D 0 ) estimated by minimizing the least squares difference (equation (8)). 2007], which show negative activation volumes at higher pressures. Karato [1978 Karato [ , 2008 indicated the possibility of transitions of diffusion mechanisms from vacancies to interstitial atoms with increasing pressure, causing negative activation volumes at high pressures. Karato [1978] also indicated "soft" interatomic potential favors causing such transitions. Since H m * of silicon of MgSiO 3 perovskite (400 kJ/mol at 100 GPa) is higher than those of O and Mg of MgO periclase (261 and 245 kJ/mol at 100 GPa, respectively), the interatomic potential of MgO periclase is considered to be softer than that of MgSiO 3 perovskite. So we consider that our results [this study ; Ito and Toriumi, 2007] support the suggestions made by Karato [1978] . Although these studies did not confirm the hypothesis directly, further direct observation of the transition by MD simulation might be possible.
[16] The obtained viscosity profile of MgSiO 3 perovskite shows a monotonic increase with increasing depth (Figure 10 ). On the other hand, the viscosity profile of MgO periclase is hill shaped; it increases in the upper area of the lower mantle (660-1160 km) and decreases in the deeper area (1160-2700 km) with increasing depth. Yamazaki and Karato [2001] approximated the lower mantle by a twophase system composed of MgSiO 3 perovskite and MgO periclase. The model rheology for the entire lower mantle is based on two microstructures: (1) a load-bearing framework (LBF) of a strong phase containing isolated pockets of a weak phase and (2) an interconnected layer of a weak phase (IWL), separating boudins and clasts of a strong phase. MgSiO 3 perovskite is the dominant mineral in the LFB case, and MgO periclase is the dominant mineral in the IWL case. The depth profiles of the two minerals are clearly different and well distinguished as shown in Figure 10 . On the basis of the difference, we could use the profiles to determine which mineral dominates the lower mantle rheology by assuming the depth profile of lower mantle viscosity. Monotonic nearly constant depth profiles were considered by studies of geodynamic modeling [e.g., Mitrovica and Forte, 1997] . The shapes of the profiles are similar to those of MgSiO 3 perovskite, and we consider MgSiO 3 perovskite as dominant in that case. The possibility of a hill shape, in which the highest-viscosity zone is in the middle of the lower mantle, has previously been considered [Morra et al., 2009] . Since the profile corresponds to that of MgO periclase, we consider that the lower mantle rheology is dominated by MgO periclase in that case.
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